Binge eating disorder is an addiction-like disorder characterized by episodes of rapid and excessive food consumption within discrete periods of time which occur compulsively despite negative consequences. This study was aimed at determining whether antagonism of Sigma-1 receptors (Sig-1Rs) blocked compulsive-like binge eating. We trained male wistar rats to obtain a sugary, highly palatable diet (Palatable group) or a regular chow diet (Chow control group), for 1 h a day under fixed ratio 1 operant conditioning. Following intake stabilization, we evaluated the effects of the selective Sig-1R antagonist BD-1063 on food responding. Using a light/dark conflict test, we also tested whether BD-1063 could block the time spent and the food eaten in an aversive, open compartment, where the palatable diet was offered. Furthermore, we measured Sig-1R mRNA and protein expression in several brain areas of the two groups, 24 h after the last binge session. Palatable rats rapidly developed binge-like eating, escalating the 1 h intake by four times, and doubling the eating rate and the regularity of food responding, compared to Chow rats. BD-1063 dose-dependently reduced binge-like eating and the regularity of food responding, and blocked the increased eating rate in Palatable rats. In the light/dark conflict test, BD-1063 antagonized the increased time spent in the aversive compartment and the increased intake of the palatable diet, without affecting motor activity. Finally, Palatable rats showed reduced Sig-1R mRNA expression in prefrontal and anterior cingulate cortices, and a two-fold increase in Sig-1R protein expression in anterior cingulate cortex compared to control Chow rats. These findings suggest that the Sig-1R system may contribute to the neurobiological adaptations driving compulsive-like eating, opening new avenues of investigation towards pharmacologically treating binge eating disorder. Neuropsychopharmacology (2012Neuropsychopharmacology ( ) 37, 2593Neuropsychopharmacology ( -2604 doi:10.1038/npp.2012 published online 20 June 2012 Keywords: binge eating disorder; food intake; eating disorders; addiction; palatability; risk-taking behavior
INTRODUCTION
Binge eating disorder is a deadly disease that affects approximately 15 million people in the United States (Hudson et al, 2007) and very frequently occurs comorbidly with obesity, diabetes, cardiovascular diseases, and certain psychiatric conditions, such as anxiety and depression (APA, 2000; Javaras et al, 2008; Wilfley et al, 2011; Yanovski, 2003) . Binge eating episodes are characterized by excessive, rapid, and compulsive consumption of highly palatable foods (eg, food rich in sugars and/or fats) within short periods of time, and are followed by food restriction (APA, 2000; Avena et al, 2008; Corwin, 2006) . The cyclic binge/restriction pattern of consumption of highly palatable foods has raised the question of whether binge eating disorder can be considered an addiction-'like' disorder; however, the debate remains open (Corwin and Grigson, 2009 ). An effective pharmacological treatment for binge eating disorder is very much needed.
Accumulating evidence suggests that Sigma-1 receptors (Sig-1Rs) play a role in both the pathophysiology of neuropsychiatric diseases, and the mechanistic action of some therapeutic drugs . Sig-Rs were originally classified as members of the opioid receptor family (Martin et al, 1976) and high-affinity phencyclidine binding sites (Quirion et al, 1992) . However, later findings have demonstrated that Sig-Rs are unique binding sites (Gundlach et al, 1986; Walker et al, 1990) . Sig-1Rs have recently been proposed to be ligand-operated molecular chaperones expressed predominantly at the endoplasmic reticulum subdomain that apposes the mitochondria; under certain conditions, they translocate to loci close to the plasma membranes Su, 2003, 2007) , where they interact and regulate calcium flux, neurotransmitter release, neurotrophic factor signaling, and the opening of voltage-gated ion channels (Aydar et al, 2002; Hayashi and Su, 2008; Herrera et al, 2008) . Several structurally unrelated molecules have been proposed as possible endogenous Sig-R ligands, including the neurosteroids dehydroepiandrosterone and progesterone, neuropeptide Y, calcitonin generelated peptide, and the amine N,N-dimethyltryptamine (Fontanilla et al, 2009; Maurice et al, 1999; Su, 1993) . Two different Sig-R subtypes are currently hypothesized, Sig-R1 and Sig-R2, of which only the Sig-R1 subtype has been cloned (Hanner et al, 1996; Hellewell and Bowen, 1990; Moebius et al, 1993) . Sig-1Rs are found in several rewardrelated brain regions and growing evidence suggests a strong involvement of the Sig-1R system in the effects of drugs of abuse; Sig-R antagonists block several effects induced by psychostimulants and ethanol, suggesting that the activation of Sig-1R contributes to drug-induced motivational effects (Garces-Ramirez et al, 2011; MartinFardon et al, 2007; Matsumoto et al, 2003; Maurice et al, 2002; Nguyen et al, 2005; Sabino et al, 2009b Sabino et al, , 2011 .
While the role of Sig-Rs in drug abuse has been widely recognized (Hayashi and Su, 2008; Martin-Fardon et al, 2007; Matsumoto et al, 2003; Sabino et al, 2009c Sabino et al, , 2011 , whether this receptorial system plays a role in compulsivelike eating is still unknown. This series of studies was therefore aimed at investigating the role of Sig-1Rs in compulsive-like eating using a novel food self-administration approach and a combined behavioral, pharmacological, and molecular analysis. Specifically, we wanted to determine whether Sig-1R antagonists were able to block the addiction-like behavioral phenotype of compulsive-like eating rats.
For this purpose, we first developed an operant model of binge-like eating in male rats by providing a highly palatable diet under fixed ratio 1 operant conditioning for 1 h per day, and then tested the effects of the selective Sig-1R antagonist BD-1063 . Control rats received a standard chow diet in the same experimental conditions. This procedure allowed for a fine measurement of food responding, as well as rate and regularity of intake. It was hypothesized that rats under limited access conditions to the highly palatable diet would rapidly develop binge-like eating, and would increase the rate and the regularity of intake (Corwin, 2004; Cottone et al, 2007a Cottone et al, , 2007b Cottone et al, , 2008b ; in addition, we hypothesized that blockade of Sig-1R would revert the maladaptive behaviors. We then provided control and bingeing rats with the standard chow diet and the highly palatable diet, respectively, in a bright, aversive compartment of a light/dark conflict box, and tested the effects of the selective Sig-1R antagonist BD-1063. Under these adverse environmental conditions, it was hypothesized that control rats would spend minimal time in the aversive compartment and would eat little to no food. Conversely, it was hypothesized that bingeing rats would significantly spend more time and eat more food than control rats. These changes were hypothesized to be blocked by BD-1063. Finally, we measured Sig-1R mRNA and protein expression in several brain areas involved in motivational/emotional processes 24 h after the last operant session, for both control and bingeing rats.
MATERIALS AND METHODS

Subjects
Male wistar rats (n ¼ 121), weighing 180-230 g and 41-47 days old (Charles River, Wilmington, MA), were housed in wire-topped, plastic cages (27 Â 48 Â 20 cm 3 ) in a 12:12 h reverse light cycle (lights off at 1000 h), in a humidity-(60%) and temperature-controlled (221C) vivarium. Upon arrival, rats had access to corn-based chow (Harlan Teklad LM-485 Diet 7012 (65% (kcal) carbohydrate, 13% fat, 21% protein, 341 cal/100 g); Harlan, Indianapolis, IN) and water ad libitum at all times. Procedures adhered to the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH publication number 85-23, revised 1996) and the Principles of Laboratory Animal Care (http://www.nap.edu/readingroom/bookslabrats), and were approved by Boston University Institutional Animal Care and Use Committee (IACUC). All experimental procedures involved neither food nor water restriction/deprivation, unless otherwise specified.
Drugs
BD-1063 Â 2HBr salt (1-[2-(3,4-dichlorophenyl)ethyl]-4-methylpiperazine dihydrobromide]) was synthesized as reported previously (de Costa et al, 1993) . Doses of BD-1063 were calculated based on the base weight. BD-1063 was dissolved in isotonic saline and injected subcutaneously (2 ml/kg) 15 min before testing. DTG (1,3-di-(2-tolyl)guanidine) was purchased from Tocris Bioscience (Minneapolis, ME). DTG was suspended in isotonic saline with a few drops of Tween-20 and injected subcutaneously (2 ml/kg) 15 min before testing. These pretreatment intervals were chosen to ensure full compound activities throughout the entirety of the behavioral testing (Hiranita et al, 2010 Rawls et al, 2002; Sabino et al, 2009 Sabino et al, , 2011 . For further details, see Supplementary Materials and Methods.
Development of an Operant Model of Binge-Like Eating in Rats
Baseline. After arrival, rats (n ¼ 42) were left to acclimate to the vivarium and fed the standard Harlan Teklad diet in the home cage for at least 1 week, which was then replaced with an AIN-76A-based diet, hereafter referred to as 'Chow A/I' (5TUM diet formulated as 4-5 g extruded pellets, 65.5% (kcal) carbohydrate, 10.4% fat, 24.1% protein, 330 cal/100 g; TestDiet, Richmond, IN). After 1 week of maintenance on the Chow A/I diet, rats were trained to acquire operant selfadministration for food (45-mg precision food pellets (Chow A/I)) and water (100 ml) in previously described test cages (Blasio et al, 2012; Cottone et al, 2009a) , in which they could obtain nosepoke-contingent food and water on a fixed ratio 1 schedule of reinforcement . During operant training, 45-mg precision food pellets, identical to the home cage B5 g extruded diet, were delivered by a pellet dispenser. Therefore, in the operant chambers, rats were provided with a diet identical to the one received in the home cage to ensure that Chow rats' food intake during operant sessions was not influenced by any hedonic factor, but solely by energy homeostatic needs (Cottone et al, 2008a . Pellet delivery was paired with a light cue (0.3 s) located above the nosepoke hole. The sessions were performed daily after dark cycle onset and were 1 h in duration.
Testing. After attaining stable baseline performances, rats were assigned to either a 'Chow' control group, which in the operant boxes received the same 45-mg chow pellets offered in the training phase, or a 'Palatable' group, which instead received a nutritionally complete, chocolate-flavored, high sucrose (50% kcal), AIN-76A-based diet, comparable in macronutrient composition and energy density to the chow diet (chocolate-flavored 5TUL: 66.7% (kcal) To identify differences between Chow vs Palatable rats in the rate and regularity of sustained (not interrupted by drinking) eating, analysis of the ln-transformed duration of consecutive inter-food intervals was performed (Cottone et al, 2007a, b) . Mean and entropy are two variables inversely correlated with the rate and regularity of eating, respectively (Cottone et al, 2007a (Cottone et al, , b, 2008a Effects of the Selective Sig-1R Antagonist BD-1063 on Operant Binge-Like Eating A different cohort of rats (n ¼ 16) was trained for the bingelike eating procedure and, following food intake stabilization, was pretreated with BD-1063 (0, 3.75, 7.5, 15 , and 30 mg/kg, subcutaneously) using a within-subject Latin square design. For further details, see Supplementary Materials and Methods.
Effects of the Selective Sig-1R Antagonist BD-1063 on High Rate of Responding for Chow A/I Induced by Food Restriction A different cohort of rats (n ¼ 7) was trained to acquire operant self-administration for Chow A/I diet (see 'Baseline' in 'Development of an operant model of binge-like eating in rats' paragraph). To increase the rate of responding for Chow A/I during the operant self-administration sessions, rats were food restricted in their home cages (70% of a rat daily intake (home cage intake + food self-administered)). To assess the effects of BD-1063 (0 and 30 mg/kg, subcutaneously) on high rate of responding for the Chow A/I diet in food-restricted rats, subjects were injected using a within-subject Latin square design. For further details, see Supplementary Materials and Methods.
Effects of the Sig-R Agonist DTG on Operant Binge-Like Eating A different cohort of rats (n ¼ 24) was trained for the bingelike eating procedure. Following food intake stabilization, 16 randomly selected subjects were pretreated with DTG (0, 15, and 30 mg/kg, subcutaneously) using a within-subject Latin square design. DTG, although very selective for Sig-Rs, does not discriminate between the two receptor subtypes; this agonist was chosen because it has been highly characterized in vivo and to ensure a complete Sig-R system activation, independently from the receptor subtypes. For further details, see Supplementary Materials and Methods.
Effects of the Selective Sig-1R Antagonist BD-1063 on Risk-Taking Behavior and Compulsive-Like Eating
The same rats used for the development of the binge-like eating procedure (n ¼ 42) were tested in a 10-min light/dark conflict test (Teegarden and Bale, 2007) , where a preweighed amount of the same food received during selfadministration (45-mg Chow A/I pellets for Chow rats or 45-mg chocolate pellets for Palatable rats) was positioned in the center of the light compartment. On the test day, following a 24-h withdrawal period from the last access to the highly palatable food (withdrawal here and henceforth strictly meaning a period in which the palatable food was not provided), rats were pretreated with BD-1063 (0 and 7.5 mg/kg, subcutaneously) 15 min before being placed into the light compartment, facing both the food cup and the doorway (Teegarden and Bale, 2007) . The time spent in the open compartment and the amount of food eaten during the test were measured. The two dependent variables were then used to operationalize the constructs of 'risk-taking behavior' and 'compulsive-like eating'. Because of rats' innate fear for bright, aversive environments, the time spent exploring the light compartment of the light/dark box under normal, control conditions is minimal. An increased time spent in this compartment, as compared to control conditions, resulting from the presence of the highly palatable diet, was operationalized as 'risk-taking behavior' (Colorado et al, 2006; Teegarden and Bale, 2007) . Moreover, under normal, control conditions, eating behavior is typically suppressed when a rat faces adverse circumstances; a significant increase in food intake in spite of the adverse conditions, as compared to control conditions, was operationalized as a construct of 'compulsive-like eating' (Belin et al, 2008; Davis et al, 2010; Heyne et al, 2009; Hopf et al, 2010; Johnson and Kenny, 2010 
Effects of the Selective Sig-1R Antagonist BD-1063 on Motor Activity
A different cohort of rats (n ¼ 20) underwent the binge-like eating procedure and was used to test the effects of BD-1063 on motor activity. Motor activity of individually housed rats was measured in Plexiglas chambers (27 Â 48 Â 20 cm 3 ) using an Opto-M3 activity system (Columbus Instruments, Columbus, OH). Testing was performed 24 h after the last binge-like eating session. Total activity and ambulatory Sig-1R blockade and compulsive-like eating P Cottone et al activity were recorded by a computer using the MultiDevice Interface software over a 75-min period, which began right after rats were treated with BD-1063 (0 and 7.5 mg/kg, subcutaneously) (within-subject Latin square design). To better control for potential motor activity effects, the first 15 min post-injection were excluded from the analysis, because it represented the pretreatment time used for the behavioral tests of this study.
Sig-1R Gene Expression in Binge-Like Eating Rats: Quantitative Real-Time PCR Two cohorts of Chow and Palatable rats were used for the quantification of the Sig-1R mRNA: a first cohort (n ¼ 12; randomly selected from rats used in the DTG dose-response experiment, following a washout period of 4-5 days) was killed 20-40 min after the end of the self-administration session. This time point was chosen to give enough time (80-100 min since the beginning of the session) for gene transcription changes to occur. A second cohort (n ¼ 16; randomly selected from rats used in the BD-1063 doseresponse experiment, following a washout period) was killed 24 h following the last daily binge-like eating session. Procedures were performed as described previously . For further details, see Supplementary Materials and Methods.
Sig-1R Protein Levels in Binge-Like Eating Rats: Western Blotting
A different cohort of rats (n ¼ 12) underwent the binge-like eating procedure and, 24 h following the last daily selfadministration session, was killed and brain areas were collected as described above. Western blotting procedure was performed using a slightly modified version of a previously described method (Hayashi and Su, 2007) . For further details, see Supplementary Materials and Methods.
Statistical Analysis
The effects of diet alternation on self-administration intervals, the effects of BD-1063 or DTG on self-administration variables, motor activity variables, and light/dark test variables were analyzed using two-way analyses of variance (ANOVAs). Sigmoidal four-parameter logistic regression function was fit to 1 h food intake, inter-food intervals, entropy, and home cage intake (Hartz et al, 2001) . The effects of BD-1063 treatment on high rate of response and the effects of Diet History on Sig-1R mRNA and protein levels were analyzed using Student's t-tests. Variables that failed the test for normality were analyzed as ranked (Akritas, 1990) . The statistical packages used were Instat 3.0 (GraphPad, San Diego, CA) and Systat 11.0 (SPSS, Chicago, IL).
RESULTS
Development of an Operant Model of Binge-Like Eating in Rats
Rats allowed to self-administer for 1 h per day the sugary, highly palatable diet rapidly developed binge-like eating (Figure 1a ; Diet History: F(1,40) ¼ 92.2, po0.001). The development of operant binge-like eating was experiencedependent as indicated by the strong Diet History Â Day interaction (F(14,560) ¼ 16.4, po0.001) and by the excellent fit of intake to the sigmoidal associative learning function (Figure 1b and Supplemental Table S1 ; r ¼ 0.98, po0.0001). Because of the very similar energy density between the Chow A/I and the sugary, highly palatable diet (330 vs 344 cal/100 g, respectively), the analysis of the number of pellets revealed a very similar outcome as the analysis of the kcal (Figure 1c ; Diet History: F(1,40) ¼ 87.33, po0.001; Diet History Â Day (F(14,560) ¼ 16.1, po0.001). In addition, Palatable rats progressively increased in both the rate and regularity of sustained food responding. Indeed, Palatable rats' eating rate increased after the exposure to the sugary Figure S1A) (Corwin, 2004; Cottone et al, 2008a, b) . Therefore, intermittent access to the palatable diet did not significantly affect cumulative food intake (Supplementary Figure S1C) (Table 2) . Furthermore, no effect of the drug treatment on the kurtosis was observed ( Rate of responding for the Chow A/I diet of food-restricted rats was comparable to the rate of responding for the highly palatable sugary diet of ad libitum-fed Palatable rats (foodrestricted Chow A/I rats vs ad libitum-fed Palatable rats 303.6 ± 17.5 vs 279.1 ± 26.4; t(13) ¼ 0.75, p ¼ 0.47). Pretreatment with the Sig-1R antagonist BD-1063 (30 mg/kg, the highest dose used in the binge eating study) did not significantly affect high rate of responding for Chow A/I in rats that were food restricted (Figure 4a ; t(6) ¼ 0.94, NS). 
(Bonferroni corrected Student's t-test).
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Effects of the Sig-R Agonist DTG on Operant Binge-like Eating
Pretreatment with the Sig-R agonist DTG did not significantly affect food responding in Chow or Palatable rats at any tested dose ( Figure 4b 
Effects of the Selective Sig-1R Antagonist BD-1063 on Risk-Taking Behavior and Compulsive-Like Eating
As shown in Figure 5b , vehicle-treated Palatable rats spent more time in the aversive light compartment, which was paired with the presence of the highly palatable food, compared to vehicle-treated Chow rats. However, pretreatment with 7.5 mg/kg of the selective Sig-1R antagonist BD-1063 (the lowest effective dose in the binge eating study) completely blocked the increased risk-taking behavior of Palatable rats. The BD-1063 effect was selective for Palatable rats as drug treatment did not influence the behavior in Chow rats (Diet History Â Treatment (F(1,38) ¼ 9.7, po0.005). In addition, Palatable rats compulsively consumed more food pellets in spite of the aversive environment, as compared to Chow rats; this effect was fully blocked by BD-1063 pretreatment (Figure 5c ; Diet History Â Treatment (F(1,38) ¼ 5.4, po0.05).
Effects of the Selective Sig-1R Antagonist BD-1063 on Motor Activity
BD-1063 altered neither total activity (Diet History Â Treatment (F(1,18) ¼ 1.48, NS) nor ambulatory activity (Diet History Â Treatment (F(1,18) ¼ 0.44, NS) when administered to either Chow or Palatable rats (Figure 5d and e).
Sig-1R Gene Expression in Binge-Like Eating Rats: Quantitative Real-Time PCR
Quantitative real-time PCR showed (Figure 6b ) that Sig-1R mRNA levels, 24 h after the last self-administration session, were significantly lower in the prefrontal cortex and the anterior cingulate cortex of Palatable rats, compared to Chow rats. No significant differences in Sig-1R mRNA expression between the two groups were observed in the insular cortex, nucleus accumbens, and dorsal striatum. The observed changes were dependent on highly palatable food withdrawal, as revealed by a separate analysis of the Sig-1R mRNA levels performed on brain areas of rats killed 20-40 min after the end of the binge-like eating session (Supplementary Figure S2) .
Sig-1R Protein Levels in Binge-Like Eating Rats: Western Blotting
Western blotting showed (Figure 6c ) that Sig-1R protein levels, 24 h after the last self-administration session, increased two-fold in the anterior cingulate cortex of Palatable rats as compared to Chow rats. No significant differences in Sig-1R protein levels between the two groups were observed in the anterior cingulate cortex, insular cortex, nucleus accumbens, and dorsal striatum.
DISCUSSION
In this study, we show that daily intermittent availability of a highly palatable diet forced subjects to periods of 23 h of abstinence, inducing a progressive and dramatic escalation of operant responding for the sugary food (Corwin and Buda-Levin, 2004; Cottone et al, 2008b Cottone et al, , 2009b . Indeed, Palatable rats quickly learned the time-limited availability of the preferred dietary option, and began eating significantly more than Chow rats after only the second 1-h access to the Sig-1R blockade and compulsive-like eating P Cottone et al highly palatable diet. By the second week of self-administration, binge eaters reached a stable overeating B4 times higher than the intake of Chow control rats. The development of binge eating of the sugary, highly palatable diet was accompanied by a faster (10.7±1.1 to 21.0±0.8 pellets per min, M ± SEM, Chow vs Palatable respectively), and more regular (ie decreased entropy) sustained food responding, as typically observed in palatability-driven processes (Cottone et al, 2007b; Yeomans, 1996) . Therefore, the excessive food intake in such a short period of time, and the increased rate of sustained eating suggest an hedonic, rather than homeostatic, mechanism behind the observed behavioral adaptation (Cooper, 2004) . The daily intermittent access to the highly palatable diet did not make subjects weigh more. This aspect is particularly relevant, because the disruption of feeding pattern could be studied independently from alterations associated with obesity (Corwin et al, 2011) . We show that the treatment with the selective Sig-1R antagonist BD-1063 dose-dependently decreased food responding in binge eating rats. Interestingly, BD-1063 did not affect water responding in bingeing rats or food and water responding in chow-fed control rats, suggesting selectivity of action and ruling out cognitive impairment or generalized behavioral deficit. Moreover, BD-1063 decreased the rate and the regularity of sustained food responding selectively in bingeing rats, but not in chow-fed control rats. Thus, BD-1063 dose-dependently and specifically reduced overeating and disrupted the ability of palatable food, but not regular chow, to sustain the strength of pellet-by-pellet responding (Cottone et al, 2007b) . BD-1063, administered at the dose that maximally decreased binge-like eating of palatable diet (30 mg/kg), did not affect high rate of responding for Chow A/I in food-restricted animals. These results rule out the alternative hypothesis that the effects of BD-1063 treatment on binge-like eating were due to more general effects on high rates of responding.
These findings support and expand the view that Sig-R antagonists may potentially be employed as a pharmacological tool for the treatment of addictive disorders Maurice and Su, 2009; Narayanan et al, 2011; Rodvelt and Miller, 2010; Sabino et al, 2009b) . The selective Sig-1R antagonists BD-1063 and NE-100 have been shown to reduce ethanol self-administration in genetic (innate) and environmental (following chronic alcohol exposure) models of alcoholism (Sabino et al, 2009b, c) . Moreover, Sig-R antagonists block the c-Fos expression, locomotory stimulatory effects, place preference, and contextual reinstatement induced by cocaine in rodents (Martin-Fardon et al, 2007; Maurice and Romieu, 2004; McCracken et al, 1999; Menkel et al, 1991; Witkin et al, 1993) . Finally, Sig-R antagonists reduce the locomotor stimulatory effects induced by 3,4-methylenedioxymethamphetamine and the behavioral sensitization induced by methamphetamine (Brammer et al, 2006; Takahashi et al, 2000) .
In this study, acute treatment with the non-selective Sig-R agonist, DTG, did not affect binge-like eating. We have Sig-1R blockade and compulsive-like eating P Cottone et al recently shown (Sabino et al, 2011 ) that an acute administration with DTG does not potentiate operant 30-min saccharin per sucrose self-administration in rats, while a chronic administration does. Therefore, a possible explanation for the lack of potentiation of binge-like eating following acute treatment with DTG is that a more prolonged activation (ie, chronic) of the Sig-R system is needed to observe an increase in responding for palatable food. Finally, all studies showing the ability of sigma receptor agonists to potentiate the effects of drugs of abuse in the conditioned place preference test were conducted in mice (Maurice and Romieu, 2004; Romieu et al, 2000 Romieu et al, , 2002 , raising the potential issue of species differences in the effects of sigma receptor agonists. The only study performed in rats showing that acutely administered sigma receptor agonists potentiate the effects of cocaine was performed in rats experienced with intravenous cocaine self-administration, which per se might exert some effects on the Sig-R system (Hiranita et al, 2010) .
A relevant point of discussion is the discrepancy between the findings shown here and the lack of effect the Sig-1R antagonist NE-100 had on sucrose consumption we reported recently (Sabino et al, 2009c) . These different outcomes can be reconciled considering the much higher motivational settings of the current paradigm compared to the one published earlier: binge eating rats were trained under operant, limited access conditions and consumed as much as 13.5 g/kg of sucrose in 1-h sessions; rats in the previous study were provided with sucrose in the home cages unlimitedly, consuming only 0.125 g/kg (B100 times less) during the first hour.
Our behavioral and pharmacological findings support the hypothesis that Sig-1Rs play a role in the loss of control and in the compulsiveness associated with binge-like eating. Indeed, bingeing rats, tested in a conflictual context following a 24 h withdrawal period from the last selfadministration session, spent significantly more time in the open, aversive compartment where the highly palatable food was placed, and consumed B17 times more food compared to chow-fed rats, whose intake was almost completely abolished. These findings suggest that bingeing rats were highly motivated to eat compulsively the sugary diet even when facing the adverse context. Craving and risk-taking behavior for the highly desired substance in spite of known adverse consequences are typically observed in alcohol and drug addiction, and in certain forms of eating disorders and obesity (Hopf et al, 2010; Johnson and Kenny, 2010; Koob and Volkow, 2010; Teegarden and Bale, 2007) . Pretreatment with the 7.5 mg/kg dose of the selective Sig-1R antagonistFthe lowest effective dose in reducing binge-like eatingFfully blocked both risk-taking behavior and compulsive-like eating driven by the palatable diet in bingeing rats. A not significant trend towards reduction in the time spent in the aversive compartment of BD-1063-treated Palatable rats compared to vehicle-treated Chow rats (p ¼ 0.19) could be observed. This trend could possibly be interpreted as an anxiogenic-like effect of BD-1063, although there is no definitive evidence that Sig-1Rs are involved in anxiety-like behavior Sabino et al, 2009a) . The lack of effects of the Sig-1R on motor activity confirmed that these effects were not due to a generalized behavioral deficit. Therefore, our results strongly suggest that the blockade of Sig-1R is effective in selectively reducing not only overeating and the rate and the regularity of food responding, but also the risk-taking behavior and compulsiveness associated with binge eating of palatable food.
A caveat must be added regarding the operationalization of 'compulsive behavior' in the context of this work. There is still no absolute agreement about how compulsive behavior can be operationalized in preclinical research; the term 'compulsivity' has been used frequently with different meanings and operationalized through a variety of experimental procedures. Among the divergent, but still widely accepted, definitions of compulsive behavior proposed, the two mostly frequently used are either the reward Sig-1R blockade and compulsive-like eating P Cottone et al seeking/taking in spite of aversive/negative consequences (Belin et al, 2008; Davis et al, 2010; Hopf et al, 2010; Johnson and Kenny, 2010) or a behavior driven by a negatively reinforced mechanism Koob, 2009) . Within the former connotation, which embraces the eating behavior observed in this work, further complexity is added by the fact that multiple experimental conditions have been used to operationalize the 'compulsivity' construct, including a variety of different rewards (food, alcohol, drug, or sex), and either unconditioned or conditioned (in turn, either classical or operant) aversive conditions (Belin et al, 2008; Davis et al, 2010; Hopf et al, 2010; Johnson and Kenny, 2010) . Given such complexity, the question of whether, in this study, the use of the rats' innate fear for an open, bright compartment can be suitable as the aversive element of the 'compulsive' construct may be raised, and caution should be exercised when interpreting these results. Following 24 h of withdrawal from the highly palatable diet, bingeing rats showed a robust reduction in mRNA expression of Sig-1Rs, in both the prefrontal and the anterior cingulate cortices compared to chow-fed rats. Similar changes were not observed in other brain areas, suggesting regional specificity. At the same time point, Palatable rats showed a two-fold increase in the Sig-1R protein levels in the anterior cingulate cortex, but no difference between the two groups was observed in the prefrontal cortex. Future studies employing additional techniques will be needed to clarify the significance of the differential Sig-1R protein expression in these two brain regions. The opposite direction of the changes in mRNA and protein expression during withdrawal from the highly palatable diet can be explained by the cyclic pattern of the diet schedule and the differential temporal regulation of the two molecular processes, which do not always show concordant fluctuations (Fournier et al, 2010; Greenbaum et al, 2003) . Possibly, the Sig-1R activity increases earlier than 24-h post-session and, therefore, the decreased gene expression may be the result of counteradaptive intracellular/intranuclear processes. Interestingly, the robust decrease in Sig-1R mRNA expression at the 24-h withdrawal time point is analogous to the decreased mRNA expression of Sig-1R observed in the nucleus accumbens of alcoholic rats (ie ethanol-naive Sardinian alcohol-preferring rats and 24-h withdrawn, alcohol-dependent wistar rats) that were also selectively responsive to the effects of BD-1063 in blocking the reinforcing effects of alcohol . Analogously to what we showed here, Sig-1R protein levels increased in the nucleus accumbens of ethanol-naive Sardinian alcohol-preferring rats (V Sabino et al, unpublished observations).
The increased fronto-cortical Sig-1R activity may, therefore, be responsible for the selective behavioral effects of BD-1063 observed here. A growing body of evidence supports the hypothesis that increased Sig-R activity may be responsible for the emergence of an addiction-like phenotype. Indeed, Sig-R agonists have been shown to facilitate the conditioned place preference induced by cocaine and ethanol (Maurice et al, 2003; Maurice and Romieu, 2004; Romieu et al, 2000 Romieu et al, , 2002 , and the leftward shift in the dose-response curve for cocaine (Hiranita et al, 2009 (Hiranita et al, , 2010 . Loss of function in the fronto-cortical system, involved in the cognitive control of conflict and in the regulation of emotional processes (Kalivas and Volkow, 2005; Perry et al, 2011; Robbins et al, 2008) , has been postulated to be responsible for the poor decisionmaking and heightened incentive salience of reward in drug addiction, compulsive eating, and obesity (Boeka and Lokken, 2011; Koob and Volkow, 2010; Volkow et al, 2008) . A heightened fronto-cortical Sig-R activity may be responsible for an increase in glutamate release (Dong et al, 2005 (Dong et al, , 2007 , which, speculatively, may in turn promote compulsiveness for the highly palatable diet and diminished cognitive control Volkow, 2005, 2011; Melendez and Kalivas, 2003; Melendez et al, 2005) . Circles show brain regions that were punched out: anterior cingulate cortex (ACC), prefrontal cortex (PFC), insular cortex (IC), dorsal striatum (DS), and nucleus accumbens (NAcc). (b) Sigma-1 receptor (Sig-1R) mRNA expression, and (c) Sig-1R protein expression following daily 1-h self-administration of a highly palatable diet in male wistar rats (n ¼ 4-8 per group). Rats were killed 24 h after the last binge-like eating session. Panels represent M ± SEM expressed as the percent of Chow group. **po0.01 vs Chow rats, ***po0.001 (unpaired Student's t-test).
Sig-1R blockade and compulsive-like eating P Cottone et al In summary, episodes of excessive, rapid, and compulsive-like consumption of highly palatable foods within brief periods of time are the criteria used for the diagnosis of binge eating disorder. Here we show that 1-h daily selfadministration of a highly palatable diet induces a rat behavioral phenotype that mimics the appetitive and motivational aspects of binge eating disorder. These findings also suggest that Sig-1Rs participate in the mediation of the reinforcing and rewarding effects of the highly palatable diet in binge eating rats. Treatment with the Sig-1R antagonist BD-1063 reduced overeating and regularity of food responding, and fully blocked the increased rate of intake, risk taking behavior, and compulsive-like eating selectively in bingeing rats, supporting the hypothesis that Sig-1R activation contributes to neuroadaptive mechanisms driving compulsive-like eating. Our results also suggest that fronto-cortical regions of the brain are potential targets for the effects of the Sig-1R antagonist. Collectively, the results of this study propose Sig-1Rs as a new potential pharmacological target for the treatment of binge eating disorder.
